The complete nucleotide sequence of the temperate phage HP1 of Haemophilus influenzae was determined. The phage contains a linear, double-stranded genome of 32 355 nt with cohesive termini. Statistical methods were used to identify 41 probable protein coding segments organized into five plausible transcriptional units. Regions encoding proteins involved in recombination, replication, transcriptional control, host cell lysis and phage production were identified. The sizes of proteins in the mature HP1 particle were determined to assist in identifying genes for structural proteins. Similarities between HP1 coding sequences and those in databases, as well as similar gene organizations and control mechanisms, suggest that HP1 is a member of the P2-like phage family, with strong similarities to coliphages P2 and 186 and some similarity to the retronphage Ec67.
INTRODUCTION

HP1 is a temperate bacteriophage which infects and lysogenizes
Haemophilus influenzae Rd. It was the first phage identified for this host (1) and it and temperature-sensitive mutants have been used to study repair and recombination in H.influenzae (2) . The HP1 particle consists of a small icosahedral head and a relatively large and complex contractile tail (3) . The genome is a single unique duplex DNA molecule with cohesive ends (4) . In the lysogenic state, the circularized HP1 genome is inserted into the host chromosome at a single site (5) , conforming to the Campbell model for maintenance of the prophage (6). Earlier we constructed a physical map of HP1 DNA and located several mutations on this map (7) . The nucleotide sequences of two genomic segments were determined; together, these two blocks constitute ∼50% of the HP1 genome. The first sequence was used to locate the targets for specific DNA-mediated transformation and their distribution in relation to coding segments (8) . The sequence of the second segment was determined to support studies on the site-specific recombination reactions involved in formation and induction of HP1 lysogens (9) (10) (11) . Three HP1 genes have been identified in this region: the attP site and the genes encoding HP1 integrase and the regulator Cox. The sequences of these genes and their arrangement clearly suggested that HP1 was related to the P2-186 group of temperate coliphages. HP1 integrase is remarkably similar in sequence to the integrase of 186, especially in the C-terminal region (9) . The accessory protein needed to activate excisive recombination, Cox, appears to serve the additional function of repressing the production of the lysogenic repressor; this dual function is a characteristic of the P2-186 group. Furthermore, the presumptive early control elements in HP1 appeared to be organized like those of P2 and 186 (12, 13) .
To further our understanding of the biology of HP1, we determined the sequence of the entire 32 kb genome. Sequence comparisons and initial experiments were used to make plausible identifications of many of the open reading frames (ORFs) encoded by HP1 DNA. The deduced sequences of these probable gene products are quite similar to those encoded by P2 and 186 and the retronphage Ec67. These results strongly support the assignment of HP1 to the P2 family of temperate bacteriophage.
MATERIALS AND METHODS
Bacteria
Escherichia coli DH5α was used to propagate plasmids; strains were grown in solid or liquid LB medium supplemented with antibiotics as needed (14) . Haemophilus influenzae L-10 (lysogenic for HP1) was grown as described (7) .
Plasmids
Plasmids derived from pBR322 containing HaeIII fragments of HP1 DNA have been described (8) . Derivatives of pUC19 containing the HP1 PstI fragments were described earlier (11) .
To obtain HP1 DNA inserts with internal PstI sites, purified phage DNA was joined at the cohesive ends by ligation and then digested with BamHI and BglII; the resulting fragments were inserted into the BamHI site of pUC19 and transformant colonies containing the desired plasmids isolated. The locations of the Nucleic Acids Research, 1996 , Vol. 24, No. 12 2361 BglI, BglII, DraI, SspI, HaeIII, KpnI, EcoRI and HindIII sites were determined to permit identification of inserts.
Subclones for sequence determination
To produce fragments suitable for direct sequencing, plasmids containing the PstI fragments were digested with both DraI and SspI. Fragments containing HP1 DNA, ranging from 150-800 bp, were ligated into pUC19 which had been linearized with SmaI. Clones were selected based on their sizes and restriction maps; both orientations of a given insert were used. When inserts were too large for convenient sequencing, the fragment was subcloned further by digestion with additional restriction enzymes. Subclones were also created using single digests with DraI or SspI to ensure that all restriction site boundaries could be sequenced. Similar subclone panels were prepared from plasmids containing the BamHI-BglII or HaeIII fragments as needed.
Plasmid DNA was purified with QiaPrep kits (Qiagen Inc.) and Wizard Clean-up columns (Promega). Phage DNA was purified as described (7) .
Sequence determinations
Parts of the sequence were determined manually using dideoxy termination (15) and Sequenase enzyme (United States Biochemical), but the majority of the new sequence reported here was determined using an Applied Biosystems Model 373A automated sequencer operated by the Johns Hopkins Medical Institutions CORE DNA Sequencing Facility. In most cases the M13 universal forward (5′-CCCAGTCACGACGTTGTAAAACG) and reverse (5′-AGCGGATAACAATTTCACACAGG) primers were used and in many cases these were sufficient to determine the sequences of both strands of a given insert. When necessary, sequencing reactions were primed with one of 44 oligonucleotide primers with sequences corresponding to internal positions in HP1 DNA; the sequences of these oligonucleotides will be provided on request.
Where inconsistencies between two different determinations of the same segment were encountered, the region in question was sequenced using the polymerase chain reaction (16) with HP1 DNA as the template and a pair of primers from the panel of 44 above.
DNA sequence data was archived and manipulated with MacDNASIS 3.0 (Hitachi, Inc.) software. The complete sequence data have been submitted to GenBank (accession no. U24159). Programs used for genome analysis were written in Pascal and compiled using the Think Pascal (Symantec Inc.) environment for the Apple Macintosh. PROMSEARCH is based on the promoter tables of Hawley and McClure (17) and the search algorithm of Staden (18) ; The ORFSEARCH program scans input DNA for the presence of ORFs and then calculates codon correlation values using the algorithm of Stormo (19) . RBSSCAN scans a DNA sequence and calculates ribosome binding site scores based on an input matrix derived from a Perceptron algorithm (20) . These programs are available as part of the MacGUMBY package (GDE Enterprises).
Cloning of the HP1 rep gene
Primers flanking the HP1 rep gene were used to amplify a segment of DNA by PCR which contained the complete gene as well as an artificial ribosome binding site (AGGAGGTAATATA-AATG) and restriction sites suitable for cloning purposes. The amplified segment (bp 5732-8059) was cut with HindIII and EcoRI and ligated into pUC19. The resulting pREP plasmid was transformed into H.influenzae Rd by electroporation and selected on 20 µg/ml ampicillin. As controls, pUC19 alone and pHPC414 (pUC19 with non-rep segments of the HP1 genome; 11) were also transformed under similar conditions.
Purification of HP1 phage and analysis of phage proteins
Cultures of H.influenzae L-10 (2 × 10 9 c.f.u./ml) were treated with mitomycin C (35 ng/ml) to induce HP1 production. Phage were purified as previously described (7) . Purified infectious phage banded at a density of 1.42 g/ml and DNA-containing head particles (without tails) were recovered at a greater density. These were dialyzed to remove CsCl and then disrupted in loading buffer containing 1% SDS. Proteins were separated on SDS-polyacrylamide gels and stained with Coomassie Brilliant Blue R (14) . Dried stained gels were imported into an Apple Macintosh computer using an Epson ES-1200C scanner and protein bands were quantitated with the MACBAS 2.0 program (Fuji BioImaging Systems). Molecular weights were calculated by distance measurement in relation to known molecular weight standards and band intensities were corrected for the mass of each protein to determine relative abundances.
RESULTS AND DISCUSSION
Determination of DNA sequence
The HP1 genomic segment between 51 and 79% has been sequenced using chemical termination (GenBank accession no. M12911) and the sequence of the 6.5 kb segment at the left end (0-20%) of the HP1 genome has been reported as well (GenBank accession no. U06847) (11) . The balance was determined by a combination of automated and manual methods, using dideoxy termination, as described in Materials and Methods. The complete sequence contains 32 355 bp of double-stranded DNA with complementary 7 bp 5′-single-stranded cohesive ends (4). The HP1 genome has a G + C content of 39 mol%, a value identical to that of the host H.influenzae (21) . The complete sequence has been deposited in GenBank under the single accession no. U24159.
Accuracy of the sequence
Considerable effort was devoted to minimizing mistakes and eliminating prior errors. Each residue was identified at least once on each strand; the average number of determinations per residue was ∼3.2. Earlier sequence assignments based on data from one strand or containing possible ambiguities (e.g. 22) were determined again and several errors were corrected. Sequences near the ends of cloned fragments were confirmed as internal residues using clones containing overlapping fragments. Restriction sites predicted by the sequence conformed to the reported map (4), except for two pairs of HaeIII sites whose members were separated by 46 and 177 bp and which were originally mapped as single sites.
ORFs in the HP1 genome
The DNA sequence was first translated into the encoded strings of amino acids in all six reading frames. ORFs predicting polypeptides >7 kDa were analyzed further; 41 candidates met this criterion. Their positions are indicated in Figure 1 and their parameters are summarized in Table 1 . Four of these correspond to functional HP1 genes and are designated accordingly. These genes encode HP1 integrase (int; 9), HP1 Cox (cox; 11), lysogenic repressor (cI; unpublished) and replication protein (rep; described below). In addition, genes encoding lysozyme (lys) and holin (hol) functions were identified by sequence comparisons and other arguments (22) and are named accordingly. The remaining ORFs are designated orf1-orf35; evidence bearing on their possible functions will be presented below.
The likelihood that candidate coding segments corresponded to HP1 genes was examined by applying a series of statistical tests. The pattern of codon usage in HP1 ORFs was compared to the usage in 36 H.influenzae genes and to the codon usage compiled for E.coli genes (23) . The findings supported two conclusions. First, the biases in codon usage in H.influenzae DNA reflected its base composition, since synonymous codons with A or U in the third position tend to appear more frequently. Second, the overall preferences found in the HP1 ORFs resemble those found in H.influenzae genes, indicating that host and phage share codon preferences (not shown).
To quantitate the codon preferences associated with each ORF, codon correlation values were computed. These compare the frequencies at which given residues occur at each position of a reference and a candidate codon. Reference values are derived from coding segments from the same organism. Candidate sequences with correlation scores above 0.6 (a score of 1 is perfect correlation) are almost always coding regions, while those scoring less than 0.3 are generally non-coding segments (19) . The codon correlation scores for the 41 ORFs compared to a table based on 800 kb of coding sequences from H.influenzae (24) are presented in Table 1 ; 38 ORFs scored above 0.6, while translations of the complementary strands encoding the ORFS, or of computer randomized sequences, failed to produce any score above 0.28. Three ORFs had correlation scores less than 0.6. Two, orf10 and orf30, had the ambiguous score of 0.4, which might be due to their small sizes. The third, orf2, gave a correlation score of 0.22, clearly out of the range of probable HP1 coding segments. The status of orf2 will be considered further below.
The sequence surrounding each predicted initiation codon was examined for the presence of an appropriately located ribosome binding site (19) . A qualitative rule-based method constructed from E.coli ribosome binding sites (25) was applied to the regions immediately preceding each presumptive initiation codon. The results in Table 1 show that 35 of the 41 candidate ORFs had sequences which fit at least three of the seven rules for ribosome binding sites. Rule-matching has two drawbacks: it is qualitative and the rules are derived from sequences from E.coli. The alternative approach used matrix analysis to evaluate the potential ribosome binding site preceding each ORF. Using a Perceptron algorithm (20) , a matrix was constructed using the 60 bp sequences upstream of the initiation codons of 725 H.influenzae genes (24) . This matrix should contain the statistical rules for effective H.influenzae ribosome binding sites and was used to compute scores for candidate sequences. Positive scores indicate that the candidate is probably a ribosome binding site (20) . The scores for the HP1 ORFs are listed in Table 1 . Only three ORFs gave negative scores and two of these have adequate ribosome binding sites by the rule-based criteria. Neither test located an effective ribosome binding site upstream of orf16, however, the combination of codon correlation data and similarity to known proteins suggest that orf16 is a functional HP1 gene.
Transcriptional signals
The HP1 genome contains four strong promoter sequences of the σ 70 type (17, 18) ; their locations are indicated in Figure 1 . Three of these, P L , P R1 and P R2 , are located in the early region (11) . The fourth, P 14 , is located 9.7 kb from the left end and is directed rightward. Three ρ-independent transcription terminator sequences were found (26) . One of these, T R , is located 9.7 kb from the left end and is positioned to terminate what is probably the early lytic transcript. A second terminator, T 14 , is situated 10.4 kb from the left end. The stem-loop of T 14 is flanked on the right by a stretch of T residues and on the left by a stretch of A residues; this arrangement is consistent with T 14 terminating transcription from either direction. An additional terminator, T L , is located at the right end of the phage and, like T 14 , can function on both strands. This terminator probably serves to terminate the lysogenic transcript during the early stages of infection and the late lytic transcript at later times. Sequences and locations of these features are presented in Table 2 . Reading frames 1-3 correspond to left-to-right frames, while 4-6 correspond to right-to-left frames. Start signifies the location of the first A of the ATG start codon, end signifies the final base of the stop codon. Codon correlation scores are calculated as described in the text. Ribosome binding sites were scored using the Perceptron algorithm; positive scores indicate good candidate ribosome binding sites. The number of ribosome binding site rules (19) satisfied by each site is also tabulated. Known proteins with >30% similarity to the amino acid sequences encoded by each ORF are indicated. The function of certain ORFs is indicated; starred entries are those for which experimental support is available. By taking into account the directions of the ORFs and the positions of transcription signals, a plausible organization for HP1 gene expression may be inferred, as shown in Figure 1 . At 3.7 kb from the left end, a cluster of three overlapping promoters define two transcription domains. The leftward promoter P L controls expression of the lysogenic repressor, several short ORFs and HP1 integrase, while the paired rightward promoters P R1 and P R2 govern expression of the multifunctional regulatory protein Cox and of several other genes; these are probably components of the early lytic pathway, as discussed below. This latter transcriptional domain ends at T R , immediately downstream of orf13. The P 14 promoter would allow independent transcription of orf14 and this transcript would also terminate at the bidirectional stem-loop terminator T 14 .
The segment between orf16 and orf17 is an excellent candidate to contain promoters for leftward and rightward transcription, because of the two divergent sets of ORFs beginning there. This region contains two oppositely directed 28 bp stretches, from bp 13680 to 13707 and from bp 13720 to 13747, which each consist of two directly repeated copies of the sequence 5′-ATATCC, separated by 4 bp. In addition, each 28mer is 6 bp upstream of a stretch of four T residues. In all, the two 28 bp stretches contain 25 identical bases. We speculate that these two 28 residue sequences likely constitute part of the promoters for late gene expression and the 6 bp repeats may provide binding sites for one or more proteins activating late transcription. These sequence features differ substantially from the late promoter regions in P2 and 186, where long inverted repeats are centered at -57, with non-standard -35 and -10 sequences (27) .
No other promoter sequences were obvious in the rightmost 17 kb of the HP1 genome. Either all late rightward transcription initiates at a single late promoter before orf17 or another class of late promoters is present but not detectable by the sequence comparisons used. The presence of a single ρ-independent terminator at the right end of this 17 kb stretch would suggest that the region consists of a single transcriptional unit.
Comparisons of encoded polypeptides with other protein sequences
The amino acid sequences deduced from the HP1 ORFs were compared to the contents of the GenBank database. The predicted products of 18 of the 41 HP1 ORFs resembled sequences in the archive; these are listed in Table 1 . The similarity between HP1 and the P2-186 phage group was reinforced by these comparisons, since 15 of the similarities were with proteins encoded by either P2 or 186 or both. Four of these 15 also resembled polypeptides encoded by the retronphage Ec67. These sequence similarities allowed us to assign provisional functions to many of the HP1 ORFs. Where available, experimental data substantiate certain of these assignments. One important factor guiding these identifications is the way in which the genes are organized, and therefore the presumptive transcriptional units will be considered in turn.
The segment downstream from P L encodes the lysogenic transcript, containing functions needed for prophage formation and maintenance. Earlier, we proposed that the promoter-proximal ORF encoded a homolog of the 186 CI protein and consequently functioned as the lysogenic repressor (11) . Recent studies showed that expression of this ORF repressed transcription of a gene cassette placed under the control of the P R promoters, as expected for this repressor (Esposito, Wilson and Scocca, in preparation). Accordingly, this gene has been designated cI. The promoter-distal ORF in this segment, the int gene, encodes the HP1 integrase (9) .
The functions of the other ORFs in this segment are presently unknown. Three of these, orf1, orf3 and orf4, do not resemble any sequences in the database. The orf2 segment and its predicted product have several curious properties. The codon usage in this ORF differs substantially from that of H.influenzae or the other 40 HP1 ORFs. The amino acid sequence predicted by it resembles a series of bacterial ORFs called the 9 kDa proteins, which have been found adjacent to DNA segments containing homologs of the E.coli dnaA gene (28, 29) . To date, nine versions of 9 kDa protein ORFs have been reported. An alignment of the amino acid sequences common to these ORFs shows a high degree of identity, suggesting evolutionary conservation of this sequence across a wide range of species. Selective pressure maintaining the sequence implies that it has a function, but this remains a speculation, since no function has been demonstrated yet.
The segment from the two overlapping P R promoters to the T R terminator most probably constitutes the early transcript for the Nucleic Acids Research, 1996, Vol. 24 , No. 12 2365 lytic phase of phage growth. It includes seven ORFs. Experimental support has been obtained for the functions of two of these. The promoter-proximal ORF cox encodes the Cox protein, which activates excision of the HP1 genome from its site in the host chromosome (11) . HP1 Cox is similar in gene location and amino acid sequence to P2 Cox and Apl of 186 and consequently may be expected to regulate the expression of repressor, like its coliphage counterparts. This regulatory function for Cox has also been confirmed in recent studies and will be reported elsewhere (Esposito, Wilson and Scocca, in preparation).
The second major product predicted from this segment is a 90 kDa protein which we designated Rep, because of its probable role in phage DNA replication. HP1 Rep is similar in size and sequence to the P2 A protein, the 186 CP87 protein and the Ec67 ORF2 protein. The A protein is the only P2-encoded function required for phage DNA replication and similarly CP87 is the only 186 function needed for DNA replication (30, 31) . The A protein is believed to prime P2 DNA synthesis by introducing a specific nick at the replication origin, which lies within the A gene itself (32) ; this nick provides the initiation point for rolling circle replication. To explore the hypothesis that the HP1 rep gene encodes a similar function, we examined the capacity of this segment to serve as an origin of replication in H.influenzae. We took advantage of the fact that the pUC19 origin of replication does not function in this organism. A DNA segment including the complete HP1 rep ORF was inserted into pUC19 and introduced into H.influenzae as described in Materials and Methods. The transformants retained the plasmid and exhibited resistance to ampicillin, while H.influenzae transformed with pUC19 or derivatives of it containing other HP1-derived segments did not show ampicillin resistance and failed to retain the plasmid. The nick at the P2 origin occurs at a CG sequence within the P2 A gene (32) in a segment which is also present in the homologous 186 CP87 gene and in HP1 rep. This conserved sequence may provide the site for the initiating nick in HP1 replication. Together these findings make it likely that the HP1 rep gene encodes the protein required to initiate HP1 DNA replication and also includes the origin activated by this protein.
The product of orf5 shares limited homology with the 186 CII protein and may therefore have an analogous role in regulating early gene expression (33) , but this remains to be established. The possible functions encoded by the small ORFs orf6-orf9 are unknown.
The amino acid sequence predicted by orf13 is 35% identical to that of the N 6 -adenine methyltransferase of phage T1 (34) . Neither P2 nor 186 appear to encode a DNA methylase activity and the role of this activity in the HP1 life cycle is an open question.
A third recognizable E.coli σ 70 promoter precedes orf14, which encodes a 14.9 kDa polypeptide of unknown function. This segment is located at the boundary between early and late functions, is isolated from other transcriptional units by the terminators and has a promoter that resembles the other early HP1 promoters. There are no sequences near this promoter with any resemblance to those neighboring the P R /P L region, suggesting that neither Cox nor the CI repressor interacts with this region. The orf14 gene may be expressed in lysogens and have some function there. Alternatively, it may be regulated by an unidentified mechanism; in this case it might be a candidate for a late control gene. Transcription of late genes in P2 is regulated by the Ogr protein (35) and in 186 by the homologous late regulator B, which is controlled by the CI repressor (36) . No HP1 ORF encodes a product resembling these late control proteins. Polypeptides of purified HP1 phage particles. Purified phage were separated on a 10% SDS-polyacrylamide gel. Lane 1, molecular mass markers (in kDa); lanes 2 and 3, intact phage; lanes 4 and 5, tailless particles as described in the text. Labels on the right indicate the proposed assignment of bands to HP1 gene products as described in the text and listed in Table 3 .
The late genes
The protein products of the leftward transcribing orf16 and orf15 genes show significant identity to the P2 P and Q proteins (37% and 46% respectively). The HP1 ORF16 protein is 35% identical to the 186 CP12 protein. The product encoded by HP1 orf15 is 34% identical to the Ec67 ORF5 protein and the sequence of the orf16 protein product resembles a portion of the Ec67 genome (GenBank accession no. M55249), which is listed as two separate ORFs. However, if 1 bp is inserted into the reported sequence (after bp 11077), the new combined ORF is extensively similar to 186 CP12, HP1 ORF16 and P2 P, suggesting that a sequencing error is likely to be present in the Ec67 sequence. It has been shown that P2 P is the terminase catalyzing the staggered cleavages that produce the cohesive ends of the mature linear DNA and that P2 Q is a portal protein (37, 38) . These similarities in sequence suggest that the products of HP1 orf15 and orf16 play equivalent roles in the maturation and packaging of the phage genome.
Proteins of the phage particle
The major portion of a phage genome is likely to be devoted to genes for the polypeptides constituting the mature particle. Electron microscopy has established that HP1 has a small icosahedral head and a long complex contractile tail and associated tail fibers (3). The particles are quite fragile and are readily sheared into filled heads and headless tail assemblies; head particles and intact phage can be separated by equilibrium sedimentation in CsCl, as described (7) . To aid in associating ORFs with gene products in mature virions, the polypeptides constituting intact HP1 particles and filled heads were analyzed by SDS-PAGE. The separations are shown in Figure 2 . Purified HP1 phage (lanes 2 and 3) produced 12 major species. The most prominent bands had apparent molecular weights of 34.5, 43 and 17 kDa, with prominent bands at 101 and 14.5 kDa; other minor bands were also present (Table 3) . Tailless HP1 particles (3) were isolated by banding in CsCl (39) and these variant particles (lanes 4 and 5) contained three polypeptides, a dominant one migrating at 34.5 kDa and minor bands at 37.2 and 14.5 kDa. The 34.5 kDa polypeptide is most probably the major nucleocapsid protein, judging from its abundance and its association with non-infectious head particles; the others (37.2 and 14.5 kDa) are minor consitituents of the HP1 head. The nine remaining polypeptides must make up the complex HP1 tail and tail fiber assemblies. Listed are the relative abundances of each protein determined by densitometry, the HP1 gene predicted to encode the polypeptide and the predicted molecular mass of the gene products. The corresponding P2 gene and the abundance of the P2 protein present in a protein sample of P2 phage (27, 40) is shown. HP1 relative abundances have been normalized to a value of 415 for the ORF18* protein band, which is equal to the amount of P2 N* protein present in mature P2 capsids (40) .
Genetic evidence indicates that the HP1 segment including the orf17, orf18, orf19 and orf20 genes (14.75-17 kb) is required for production of phage heads (7) . The similarities between HP1 orf17, orf18, orf19 and orf20 and the members of the P2 ONML operon support this. Each of the cognate pairs share limited sequence identity (30, 26, 28 and 21% respectively), are of similar size and are similarly arranged. P2 O, M and L have been implicated in assembling and filling phage heads, while N encodes the major capsid protein (37) . Like P2, HP1 particles contain three major polypeptides: a very abundant 34.5 kDa species and two other prominent bands at 17 and 43 kDa. In P2 the major subunit of the nucleocapsid (N*) is a 37 kDa polypeptide cleaved from the 42 kDa N gene product (41) . The HP1 orf18 gene sequence predicts a 37.2 kDa polypeptide related to P2 N. A minor band of this size is detectable in the separations in Figure 2 , but the major component, 34 kDa, is nearly 3 kDa smaller. This suggests that the HP1 capsid protein, like the P2 N protein, is proteolytically processed in the course of particle assembly.
Among the minor proteins of the P2 particle, the 18 kDa species is believed to be a scaffolding protein which is cleaved from the O gene product (42) . The 18 kDa polypeptide present in intact HP1 and in the tailless particles may correspond to a cleaved version of the polypeptide encoded by orf17, since this is the HP1 homolog of the P2 O gene.
The other abundant polypeptides of the HP1 particle, 43 and 17 kDa in size, are absent in the tailless head fraction and therefore are most probably major tail proteins. P2 contains two such proteins, FI and FII. FI (46 kDa) is the major tail sheath protein, while FII (20 kDa) is the tail tube protein. The genes encoding FI and FII are adjacent to each other (43) . The most likely HP1 candidates for similar tail genes are orf23 and orf24. These encode proteins of the appropriate sizes (41.9 and 16.3 kDa respectively). Neither predicted polypeptide has a sequence similar to the P2 FI and FII proteins, although all four amino acid sequences have very acidic predicted pI values. The orf24 gene is preceded by a very strong ribosome binding site, while orf23 has a much weaker site. A similar pattern is seen in the case of P2 FI and FII, and this differential strength of the ribosome binding site has been suggested to explain the 3:1 ratio of FII to FI produced during P2 infection (43) .
The HP1 ts2 mutation, which produces tailless phage (2) was located between base pairs 17510 and 17820 (7), where orf22 is located. The sequence predicted by orf22 does not resemble any P2 sequences, but its location just upstream of the putative structural tail genes suggests that it may participate in tail synthesis.
Two other presumptive HP1 coding segments which are similar to P2 genes are orf32 and orf31. The polypeptide encoded by orf31 contains a small segment of 38 amino acids that is 75% identical to part of the P2 H protein, the 71 kDa tail fiber subunit (44) . In addition, this region is also present in the tail fiber protein of phage 186, as well as that of phage P1. It is likely that orf31 encodes the HP1 tail fiber protein. The coding segment of orf31 is much larger than its P2 counterpart and a relatively strong protein signal is present in Figure 2 at its predicted size of 102 kDa. Many phage tail fiber proteins are made up of combinations of different 'subunits' (45) . The segment common to the P2, 186, P1 and HP1 sequences has been termed the 'A' subunit; it is the only subunit ORF31 has in common with other phage tail fiber proteins. Curiously, part of the HP1 ORF31 protein sequence has considerable similarity to an uncharacterized ORF in the genome of H.influenzae. This ORF (HI1413) is 47% identical to a 150 amino acid region of HP1 ORF31, which includes the complete 'A' region, as well as an adjacent part of the protein. It is possible that this ORF contains the remnants of an HP1-like phage tail fiber protein. The location and size of orf32 are similar to the P2 G gene and the gene products of orf32, P2 G and 186 ORF45 share 40% similarity. This suggests that orf32 encodes the HP1 homolog of P2 G, the tail collar protein.
Other HP1 late genes to which functions can be assigned with some confidence include the hol and lys genes. The HP1 lys gene product is similar to other bacterial and phage lysozymes. The hol gene is located immediately upstream of lys and has been proposed to encode a holin, based on the size and predicted secondary structure of the product. Holins, like the l S protein, form pores in the bacterial membrane which allow lysis to occur and are also thought to function as pacemakers of the lytic cycle (22) . Recent work has located a cluster of lysis genes in P2, including a lysozyme (K) and a holin (Y) and two dispensable genes lysA and lysB, which assist in the timing of lysis (46) . HP1 shares two similarly sized coding segments, orf25 and orf26, adjacent to the lysis genes, which may have similar functions.
DNA recognition sites for specific transformation
The interaction of transformable H.influenzae with DNA is specific for DNA from members of the genus Haemophilus (47, 48) . Specificity involves the recognition of specific sequence elements. The core target required for high affinity uptake is the 9 bp sequence 5′-AAGTGCGGT-3′ (4). The HP1 genome contains 17 such sites; the locations are indicated in Figure 1 and summarized in Table 2 . All but two of these target sites were within presumed coding regions and the two situated outside ORFs were single and did not appear to be associated with any obvious signals. Uptake sites in the host are also largely single, though ∼15% are paired and have the potential to form stem-loop structures (49) . The analogous targets in Neisseria gonorrhoeae occur frequently in stem-loop arrangements and have locations consistent with terminators of transcription (50) . The frequency of recognition site sequences is lower in HP1 (0.53 per kb) than in H.influenzae (0.8 per kb; 49). This is somewhat surprising, since HP1 DNA is slightly more efficient than host DNA in interacting with transformable cells (8) , and suggests that the uptake sites in HP1 DNA occur in optimized arrangements.
Relationship of HP1 to other P2-like phage
HP1 shows significant similarity to phage P2 and 186 in gene organization and in the sequences of the encoded proteins, which are similar enough to be identified from the database with simple search algorithms. In addition, the ultrastructure of the two phages are very similar. Both have heads of ∼60-65 nm in diameter, with tails of 122 (HP1) or 135 (P2) nm in length and 18-19 nm in width (27; H.W.Ackermann, personal communication). To illustrate further the strong similarities between phages HP1 and P2, the amount of stained protein in each band in Figure 2 was quantitated by densitometry and the values were corrected for the mass of each protein, giving relative molar amounts. These values were then normalized to the values published for P2 protein abundances (27, 40) by setting the 34 kDa band (the ORF18* band) equal to the 415 copies of the P2 N* protein. In this way, the relative amounts of proteins constituting the two phage particles could be compared. Clearly, the ratios of tail tube to tail sheath proteins in the two phage are very close, as is the abundance of the predicted HP1 tail fiber protein and the scaffold protein (ORF17*). These quantitations and the probable relationships between the P2 and HP1 proteins are presented in Table 3 .
Though many similar genes are found in HP1 and P2, the organization of the genes differ in several respects. P2 and 186 each contain at least four late promoters, while HP1 appears to have only two. Some of the HP1 genes are in different orientations. The order of the P2 QPONML operon is reproduced precisely in HP1, but the order of other clusters, such as the tail protein and lysis genes, are reversed. Perhaps, since most HP1 late genes are transcribed from a single promoter, proteins required in large quantities, like tail proteins, have genes situated close to the promoter. In P2, since the FI and FII proteins are expressed using an independent promoter, they can be placed much later in the genome. The diagram in Figure 3 highlights several of the similarities and differences in the gene organizations of HP1 and P2, for which a large portion of the genome has been sequenced (27) .
HP1 also has several interesting similarities with the E.coli retronphage Ec67. The Ec67 genome is a 34 kb linear DNA which was first identified as an integrated segment in E.coli Cl-1 (51) . Only a portion of the sequence of Ec67 has been determined, but this segment encodes four polypeptides with significant similarities to sequences from the P2-like phage and HP1. These four Ec67 genes are oriented and arranged like their presumed HP1 and P2 homologs, with the Ec67 ORF5 and ORF6 (corresponding to P2 Q and P genes and HP1 orf15 and orf16 ) transcribed in one direction and Ec67 ORF2 (the P2 A and HP1 rep homolog) transcribed in the opposite direction.
Knowledge of the complete HP1 gene sequence raises several questions concerning the physiology of this phage. One of these is the number of HP1 genes expressed in lysogens. The cI repressor, transcribed from P L , prevents transcription of the early lytic operon, but the cI gene appears to be part of a multigene operon extending through the int gene. This raises the possibility that all members of this cluster, including integrase, are produced in lysogenic cells. Additionally, as noted earlier, the orf14 gene is preceded by an excellent consensus σ 70 promoter and there are no binding sites for repressor neighboring this promoter. Consequently, this gene is either expressed constantly in lysogens or some unidentified control element is responsible for repressing its transcription.
A second set of questions center around the expression of late genes. The two oppositely directed 28 residue sequences between orf16 and orf17 provide likely candidates for promoters of late functions. This suggests that some HP1-encoded product may act as an alternate σ factor or other modifier of RNA polymerase, but the components needed to activate transcription from these sequences remain to be identified. Further, if these sequences are indeed the late promoter signals, then the single transcript for late genes will be >18 kb in size, suggesting a role for an antiterminator in this phase of the HP1 lytic cycle.
The sequence of HP1 DNA clearly establishes that this phage is closely related to the P2-186 group of coliphages, which are temperate phages distinct from the lambdoid family. At the same time, the codon biases and presence of specific uptake targets on HP1 DNA show it to be well adapted to its bacterial host. A plausible sketch of key aspects of HP1 biology has been developed using the sequence and other data. Confirming and extending this picture will depend on further experimental work. Those studies will be facilitated by having available the complete sequences of the phage and of its host.
